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Abstract
Background: Critical to the development of Salmonellosis in humans is the interaction of the bacterium with the
epithelial lining of the gastrointestinal tract. Traditional scientific reasoning held type III secretion system (T3SS) as
the virulence factor responsible for bacterial invasion. In this study, field-isolated Salmonella enterica serovar Kentucky
and a known human pathogen Salmonella enterica serovar Typhimurium were mutated and evaluated for the invasion
of human colorectal adenocarcinoma epithelial cells.
Results: S. enterica serovar Kentucky was shown to actively invade a eukaryotic monolayer, though at a rate that
was significantly lower than Typhimurium. Additionally, strains mutated for T3SS formation were less invasive than
the wild-type strains, but the decrease in invasion was not significant in Kentucky.
Conclusions: Strains mutated for T3SS formation were able to initiate invasion of the eukaryotic monolayer to varying
degrees based on strain, In the case of Kentucky, the mutated strain initiated invasion at a level that was not
significantly different from the wild-type strain. A different result was observed for Typhimurium as the mutation
significantly lowered the rate of invasion in comparison to the wild-type strain.
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Background
The interaction between Salmonella and host cells has
been shaped by intimate coexistence, leading to a rather
balanced interaction that allows bacterial replication while
preventing excessive harm unless the host is compro-
mised. The various serotypes of Salmonella enterica cause
different diseases, ranging from self-limiting gastroenter-
itis to systemic illness such as typhoid fever. Central to the
pathogenesis of Salmonella is the invasion of the gastro-
intestinal epithelium tissue. To accomplish this task, the
bacteria have evolved virulence traits to adapt to their host
that enables the organisms to induce their own internal-
ization by nonphagocytic cells to successfully survive and
replicate intracellularly [1]. The most extensively studied
mechanism of invasion involves a multiprotein complex
termed the type III secretion system (T3SS). Until re-
cently, it was accepted that Salmonella invasion of
eukaryotic cells required only T3SS encoded in the
Salmonella Pathogenicity Island-1 (SPI1). However,
recent studies have shown that Salmonella can cause
infection in a manner independent of T3SS [2, 3]. This
data sheds light on a new paradigm that slightly
contrasts with our traditional understanding, and lends
itself to the possibility of unknown entry routes that
may be specific to the serotype, the host, and the cell
type considered, potentially affecting the outcome of
different Salmonella-induced diseases.
Salmonella entry into host cells depends on the function
of the actin cytoskeleton as the addition of drugs that
interfere with actin dynamics effectively block bacterial in-
ternalization [4]. An emerging perspective on Salmonella
speculates infection of gastrointestinal epithelium may
occur through multiple pathways, which contrasts with
the traditional essential role of T3SS in bacterial invasion
of host cells. Although numerous studies demonstrate a
role of T3SS in host infection, recent studies using bovine,
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chicken, murine, and human models to determine the
function of SPI1 suggest Salmonella can cause infection in
a manner independent of T3SS [2, 3, 5, 6]. Radtke et al.
demonstrated Salmonella enterica serovar Typhimurium
was capable of active invasion of a 3-D model of human
colonic epithelium cells without the expression of T3SS
genes [6]. Desin et al. observed a Salmonella enterica ser-
ovar Enteritidis strain mutated for SPI1 expression dis-
played invasion of polarized human intestinal epithelial
cells (Caco-2) and chicken intestinal tissue explants in
a reduced capacity in comparison to the wild-type
strain [5]. The same study orally challenged 1-week-old
chicks with the wild-type or the SPI1 mutant strain,
and no difference in cecal colonization was observed
thus suggesting infection mechanisms correspond with
chicken maturity and infection in this situation may
not be exclusive to T3SS [5]. Similar findings were ob-
served by Morgan et al., in which disruption of T3SS
caused only minor reduction in Salmonella enterica
serovar Typhimurium colonization of chicks [7]. The
type of interaction between Salmonella and its host
leading to infection is sophisticated and dynamic,
dependent on the serovar, cell-type considered, and
host. Evidence in the literature suggests additional
mechanisms may act in a complementary role to T3SS
to facilitate and modify the initiation of eukaryotic cell
entry.
Spanning the last several decades, there have been sig-
nificant shifts in Salmonella populations associated with
poultry and human infections. Among the leading sero-
types associated with human infections over the last
quarter century, the widespread prevalence of Salmon-
ella enterica serovar Enteritidis among poultry devel-
oped into a significant problem in the commercial
poultry industry [8, 9] until the National Poultry Im-
provement Plan (NPIP) began targeting Enteritidis for
eradication in eggs in 1989 and meats in 1994 [10]. The
ecological niche in poultry created by the reduction of
Enteritidis may have been filled by Salmonella enterica
serovar Heidelberg and Salmonella enterica serovar
Kentucky due to differences in surface antigens [11].
Initially isolated from a chick in the U.S. in 1937 [12], S.
Kentucky has a close association with poultry and poultry
products and recently has been the most frequently iso-
lated serotype [13–16]. The practice of antibiotic use in
agriculture, especially in the United States, not only to
treat and prevent disease but also to promote growth [17]
may have contributed to the ascension and dissemination
of S. Kentucky. Of interest, multidrug resistant variants of
S. Kentucky have been identified at a high frequency from
chickens in the United States [18] and Ireland [19].
In light of recent scientific findings indicating Salmonella
enterica infection apart from the T3SS-mediated pathway,
it appears that a gap in the knowledge exists to characterize
the components that are able to continue to facilitate
infection. Additionally, the factors that specify host
range for S. Kentucky are not completely understood,
and it remains unclear why S. Kentucky is not highly
virulent to the human population. In this study, field-
isolated Salmonella enterica serovar Kentucky and
Salmonella enterica serovar Typhimurium were mutated
to disrupt T3SS expression. The wild-type and mutation
strains were evaluated for the invasion of human colorec-
tal adenocarcinoma epithelial cell line modeled after a
gentamicin protection assay.
Methods
Bacterial strains and plasmids
Salmonella enterica serovar Kentucky and Salmonella
enterica serovar Typhimurium (hereafter referred to as
Kentucky and Typhimurium, respectively) were isolated
from field studies as part of previous work to isolate and
catalog Salmonella specimens from the poultry process-
ing continuum [20]. Plasmids pKD46, pKD3, and pCP20
were purchased from Coli Genetic Stock Center at Yale
University (New Haven, CT).
Construction of SPI deletion mutations
Three deletion mutants targeting structural genes (invG,
invAEG, and spaSRQPO-invJICBAEG) were created within
SPI1 in Kentucky and Typhimurium following a method
developed by Datsenko and Wanner [21]. Briefly, phage λ
Red recombinase encoded on plasmid pKD46 replaced a
chromosomal sequence with a PCR fragment that has
homologous regions adjacent to the chromosomal se-
quence. The 40-nt homologous regions were designed
from Salmonella enterica Kentucky genome shotgun se-
quence (GenBank accession no. ABAK02000001.1) and
Salmonella enterica Typhimurium str. SL1344 (NCBI
Reference Sequence: NC_016810.1). The 1.1-kbp PCR
fragment was generated using the 40-nt homologous
extensions as primers (Table 1) from template pKD3
(Fig. 1).
The amplified PCR fragment from plasmid pKD3
encodes a selectable antibiotic resistance gene, chlor-
amphenicol acetyltransferase (cat). Plasmid pKD46
transformants containing the PCR fragment after elec-
troporation were selected for successful recombination
events within the chromosome using chloramphenicol
(Cm) antibiotic pressure (10 μg/mL). Following selec-
tion, the resistance gene was eliminated using helper
plasmid pCP20, which targets specific FRT (FLP recog-
nition target) sites flanking the resistance gene for recom-
bination [22]. Several attempts to construct complemented
Kentucky and Typhimurium ΔinvG strains were not
successful.
Howe et al. BMC Microbiology  (2017) 17:88 Page 2 of 9
Growth kinetics
Due to limited resources, experiments to determine ef-
fects of T3SS mutation on phenotype were conducted
using one representative mutant (invG). Growth
analysis was conducted for wild-type Kentucky and
Typhimurium, and their corresponding mutation
strains ΔinvG to determine if bacteria replication was
affected by the mutation. Separate cultures were pre-
pared by inoculating fresh LB media with one colony of
each serotype and strain and incubated for approxi-
mately 16 h at 37 °C with agitation at 200 rpm. Follow-
ing incubation, OD600 values for each culture were
adjusted to 1.00 in fresh LB media. Triple technical
replicates were prepared for each sample by diluting
the culture 1/1000 in fresh LB media and incubated at
37 °C with agitation at 200 rpm. At scheduled time
points, starting at 0 h and occurring every hour to 14 h,
OD600 was measured for each sample. The average
OD600 values from triple technical replicates for each
serotype and strain were plotted against time (m) to
create a growth curve depicting bacteria replication as
a function of time.
Further growth analysis was conducted to establish vi-
able bacteria number estimates in relation to OD600
values. Separate cultures were prepared by inoculating
fresh LB media with one colony of each serotype and
strain and incubated for approximately 16 h at 37 °C
with agitation at 200 rpm. Following incubation, OD600
values for each culture were adjusted to 1.00 in fresh LB
media. Quadruple technical replicates were prepared for
each sample by diluting the culture 1/1000 in fresh LB
media and incubated at 37 °C with agitation at 200 rpm.
At time point 0 h, an aliquot from each culture was ob-
tained and diluted 10−3 in 0.01 M phosphate buffered sa-
line (PBS) (Sigma-Aldrich, St. Louis, MO), and 25 μL
aliquots were spread on LB agar to enumerate colony
forming units (CFU). Following 6 h period, an aliquot
of each sample was removed and diluted 10−5 and 10−6
in 0.01 M PBS, and 25 μL aliquots were spread on LB
agar to enumerate CFU. The previous step was re-
peated for a successive 6 h period and data collected as
previously outlined. Data from the quadruple technical
replicates at each time point was gathered to generate
an XY scatter plot for each serotype and strain to pre-
dict bacteria number in relation to OD600. The data
was statistically analyzed using linear regression model
(PROC REG) SAS for Windows v9.3. All statistical
comparisons were two-sided using P ≤ 0.05 as the
significance level.
Cell culture
The aim of this study was to investigate the potential risk
of foodborne illness in people from S. enterica serovars
Typhimurium and Kentucky. Thus, human colorectal
adenocarcinoma epithelial Caco-2 cells (ATCC HTB-37;
ATCC, Manassas, VA) were used. The cells were grown in
Eagle’s Minimum Essential Medium (EMEM) (ATCC,
Manassas, VA), supplemented with 20% fetal bovine
serum (FBS) (Access, Vista, CA) and 2 mM L-glutamine
(EMEM-FBS), and maintained at 37 °C in 5% CO2 and
95% air, in 75 cm2 flasks, unless stated otherwise. Trypsin-
treated cells were seeded into 12-well tissue culture plates
(Becton and Dickinson and Company, Franklin Lakes, NJ)
at approximately 1 × 104 cells per well and grown at
37 °C and 5% CO2. Cells on average required 2–5 d to
reach 95–100% confluent monolayers (approximately
5 × 105 cells/well). Cell media was exchanged every 2–3
d. Cell number was determined by hemocytometer
counts.






The CVM29188.01F, CVM29188.02F, and CVM29188.03F primers harbor 40 nucleotides that bind upstream of the invG gene, invA gene, and spaS gene, respectively, and
20 nucleotides (in lowercase) that correspond to P1. CVM29188.01R harbors 40 nucleotides that bind downstream of invG gene and 20 nucleotides (in lowercase) that
correspond to P2
Fig. 1 Orientation of mutations in SPI1. The 3′ region of Salmonella Pathogenicity Island I. Three deletion mutation events were designed to target
structural genes between Ha, b, c and H2 and are designated as gray arrows. The 40-nt homology extensions are designated Ha, Hb, Hc, and H2
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Bacterial infection of Caco-2 cell monolayers
To determine the rate of invasion of Caco-2 cells by
Kentucky, Typhimurium, and their corresponding mutant
strains, a gentamicin protection assay was performed as
described previously [23, 24], with modifications. Briefly,
fresh LB media was inoculated with one colony (Kentucky,
Kentucky [ΔinvG], Typhimurium, Typhimurium [ΔinvG])
and incubated for approximately 16 h at 37 °C with agita-
tion at 200 rpm. Cultures were adjusted to OD600 = 0.8
and then diluted 1/1000 in pre-warmed complete cell
media to achieve a predetermined bacteria number and
transferred to Caco-2 cell monolayers at a multiplicity of
infection (MOI) 1:1. Tissue culture plates were briefly
centrifuged at 400 rpm for approximately 1 m to bring
bacteria into close proximity with the cell monolayer
before incubation for 1 h at 37 °C. Removal of cell media
with bacteria preceded 2 washes with 0.01 M PBS. Pre-
warmed cell media supplemented with gentamicin
(200 μg/mL; Gibco) was added to eliminate extracellular
bacteria during incubation for 1 h at 37 °C. Cell media
solution was removed and kept to be spread (100 μL) on
nonselective agar to confirm the antibiotic action. Mono-
layers were washed twice with 0.01 M PBS, then 500 μL
cold Triton X-100 (0.1% v/v 0.01 M PBS) was added to
lyse cells. The cell suspension was collected, diluted 10−1
or 10−2, and spread onto nonselective agar in 100 μL ali-
quots. Viable bacteria were enumerated and adjusted to
estimate CFU/mL. Each strain consisted of eight replicates
for each trial, and the assay was repeated for three separ-
ate trials. The data was statistically analyzed using mixed
linear model (PROC MIXED) SAS for Windows v9.3.
Strains was the fixed effect, and random effects were trial
and trial (strain). The least square means were used to
determine statistically significant differences between
strains with respect to the mean CFU/mL. All statistical
comparisons were two-sided using P ≤ 0.05 as the signifi-
cance level.
Results
Construction of SPI deletion mutations
Three sites within SPI1 were targeted for deletion to dis-
rupt T3SS function in Kentucky and Typhimurium. PCR
products were generated from pairs of 60-nt primers that
included 40-nt homology extensions and 20-nt priming
sequences complementary to plasmid pKD3 as a template
(Table 2). The PCR products were purified and then trans-
formed into bacteria carrying the λ Red helper plasmid as
described previously to create three separate deletion
events within the structural genes for T3SS. The muta-
tions were precisely targeted for invG, invAEG, and
spaSRQPO-invJICBAEG (Fig. 1).
Mutations of this nature interrupt the proper forma-
tion of the basal structure that anchors the needle to the
bacterial membranes and disrupts proper T3SS function.
The outer membrane ring of the basal structure is
formed by the integral membrane protein invG [25–27].
The export apparatus complex serves as a platform for
the assembly of the basal structure and is composed of
highly conserved integral membrane proteins: spaS, spaR,
spaQ, spaP, and invA [28]. Protein spaS has an additional
function to regulate secretion specificity of the virulence
effectors through the base [29].
Cm resistance (10 μg/mL) phenotype indicated success-
ful mutations. Antibiotic resistance gene was eliminated
by FLP recombinase, expressed from helper plasmid
pCP20, which targets the repeated FRT (FLP recognition
target) sites flanking the resistance gene. Elimination of
the antibiotic resistance gene leaves an 85-nt scar in place
of the deleted gene(s) that has stop codons in all six
reading frames [21], thereby creating nonpolar gene dele-
tions. Downstream gene expression can continue due to a
ribosome binding site and start codon that is encoded in
the scar sequence [21].
All gene deletion mutations were verified by PCR
tests using locus-specific primers and cat-specific
primers revealing that all strains had new junction and
locus-specific fragments of the predicted sizes. Following
the elimination of the resistance gene, PCR test with
locus-specific primers indicated the deletion mutants
produced the expected junction fragments and verified
mutations occurred in the designed location.
Growth kinetics
Growth analysis was conducted for Kentucky, Typhimur-
ium, and the corresponding mutation strains to determine
if bacteria replication was affected by the deletion mutation.
Bacteria cultures were adjusted to equal concentration,
diluted 1/1000 in media and OD600 values were determined
from 0 h to 14 h at every hour of incubation at 37 °C at
200 rpm. The OD600 values were averaged from quadruple
Table 2 Gene disruptions using λ red recombinase
Mutation Homology Extensions Priming Sites
ΔSPI1(invG)1705 40 nt; Ha: 2,345,733; H2: 2,347,418 P1; P2
ΔSPI1(invA-invG)4902 40 nt; Hb: 2,342,536; H2: 2,347,418 P1; P2
ΔSPI1(spaS-invG)11,769 40 nt; Hc: 2,335,669; H2: 2,347,418 P1; P2
All genetic disruptions were made in pKD46 transformants of BW25113. Extension lengths are given first. Numerals identify the 3′ nucleotide of the extension in
the Kentucky genome shotgun sequence (GenBank accession no. ABAK02000001.1). One primer had the Hx extension and the 3′ sequence for priming site 1 (P1).
The other primer had the H2 extension and the 3′ sequence for the complement of priming site 2 (P2). Priming sites P1 and P2 associated with plasmid pKD3 [21]
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technical replicates and plotted as a function of time (m)
for each serotype and strain. Deletion mutations created
within SPI1 were not identified as affecting bacterial repli-
cation by Kentucky or Typhimurium in relation to their
corresponding wild-type strains.
Further growth analysis was conducted to confirm
viable bacteria number relative to OD600 values for each
serotype and strain. At time point 0 h, an aliquot of each
culture was diluted 10−3 in 0.01 M PBS, and at time
points 6 h and 12 h, cultures were diluted 10−5 and 10−6
in 0.01 M PBS, and 25 μL were spread on LB agar. Col-
ony forming units were counted and adjusted to CFU/
mL from four technical replicates for each serotype and
strain at 0 h, 6 h, and 12 h. For all serotypes and strains,
the model used for linear regression analysis indicated a
significant portion of the variation in CFU/mL was due
to OD600. The statistical analysis, including regression
equation, R-squared value, P-value, for each serotype
and strain follows (Fig. 2).
Invasion rates of wild-type and mutant S. Kentucky and S.
Typhimurium
As wild-type Typhimurium has adapted to humans as a
host, a relatively high rate of invasion, approximately
185,625 CFU/mL, in comparison to Kentucky was ex-
pected. The invasion rate for wild-type Kentucky was sig-
nificantly less in comparison to wild-type Typhimurium,
approximately 3921 CFU/mL. Though Kentucky is cur-
rently the most frequently isolated serotype in commer-
cial poultry, Kentucky is less commonly associated with
human disease. Kentucky was not among the 20 most
frequently reported serotypes listed for the United States
in 2011 [30]. Based on a review of the recent scientific
literature, to our knowledge, this is the first study to
demonstrate in vitro invasion of a human cell line by
Kentucky.
The deletion mutation (ΔinvG) of the structural genes
associated with T3SS decreased the rate of invasion for
both serotypes in comparison to their wild-type strain.
Fig. 2 Fit plot for colony forming units (CFU)/mL. At each time point, cultures were diluted either 10−3 or 10−5 and 10−6 in 0.01 M PBS, and 25 μL
of bacteria suspension were spread on LB agar. Colony forming units (CFU) from each dilution were enumerated and adjusted to CFU/mL. CFU/mL
along the y-axis was plotted as a function of OD600 on the x-axis in XY scatter plot to predict CFU relative to OD600. The regression equations,
R-squared value, and P-value were determined for each serotype and strain
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Human cells are typically not the specified host for
Kentucky, and so the invasion rate for the wild-type
strain is limited (3921 CFU/mL). The loss of T3SS
function reduced invasion 38.1% from the wild-type to
2425 CFU/mL (Fig. 3), which was not significant
(P ≤ 0.05). Invasion by Typhimurium was significantly
affected by the disruption of T3SS function, decreasing
invasion 85.1% from the wild-type to 12,445 CFU/mL.
This reduction of invasion rate resulted from the inactiva-
tion of T3SS function, which signifies the prominent role
this multi-protein complex system contributes to facilitat-
ing invasion, a finding that corresponds with previous
scientific data concerning the role of T3SS [1, 5, 31, 32].
Active invasion of epithelial cells by the mutation strains
represents possible alternative mechanisms of invasion
that may act independently and/or in a supplemental role
to T3SS.
Discussion
The frequent isolation of Kentucky serotypes in com-
mercial poultry, especially MDR strains, is significant
from a public health standpoint. Angulo et al. suggest
that resistance reservoirs in food animals can possibly
promote the spread of resistance determinants among
bacteria and lead to antimicrobial-resistant infections
in humans [33]. Within the last decade, a MDR isolate
of Kentucky displaying high-level resistance to cipro-
floxacin was disseminated internationally with poultry
suspected as the major vehicle for infection [34]. The
strain identified as ST198-X1 as CIPR infected nearly
500 patients in France, England and Wales, Denmark,
and the United States during 2002–2008. Kentucky
isolates have been reported in Europe from travelers
returning from northern Africa [35, 36] and more re-
cently, Kentucky isolates with similar macrorestriction
patterns to the isolates observed in Europe and Africa
have been reported in Canada [37]. A majority of the S.
Kentucky strains identified were ciprofloxacin-resistant
[35–37], and many of the strains contained Salmonella
genomic island 1 variants [37], resulting in treatment fail-
ure with traditional antimicrobials against nontyphoidal
Salmonella infections due to high level of resistance.
Certain genetic factors have been hypothesized to be
responsible for the emergence of S. Kentucky in poultry.
In a comprehensive study of Salmonella enterica sero-
types, S. Kentucky was shown to have a slight growth
advantage over other serotypes in mildly acid environ-
ments (pH = 5.5), which may be beneficial in the mildly
acidic environment of the cecum [38]. However, studies
examining the colonization factors contributing to the
emergence of Kentucky in poultry remain few. This
serotype shares virulence genes with other Salmonella
serotypes which are implicated in the colonization and
infection of the gastrointestinal tract, nevertheless,
mechanisms differ between serotypes, and even within
an individual serotype, underscoring how gene expres-
sion can significantly affect these functions. The discrep-
ancy of Caco-2 cell invasion rate between Typhimurium
and Kentucky is possibly due to discrimination in target
host by serotype-related to genetic factors impacting
host specificity including those linked with recognition
and adhesion to intestinal surfaces and mechanisms of
invasion of epithelial cells.
Our results correspond with previous findings that
suggest infection by Salmonella can occur in a manner
independent of T3SS [5–7, 39]. The Salmonella species
appearing in the studies above were serotypes with broad
host ranges. To our knowledge, this is the first study to
replicate invasion, suggestive of T3SS-independent mech-
anisms, by a Salmonella serotype in a host not tradition-
ally within its range. Due to the nature of invasion by
Kentucky in the case of human colorectal epithelial cells,
Fig. 3 Comparison of rate of invasion of Caco-2 cell monolayer. Strains are denoted along the x-axis. Bacteria number are expressed along the y-axis
and estimated per mL for 1 h invasion period. Strains with the same letter are not significantly different at P ≤ 0.05
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this possible alternative mechanism may exist as a minor
invasive function with an ‘indiscriminative’ host range.
Salmonella is capable of infecting diverse hosts and cells
types, and an ‘indiscriminative’ mechanism may be evolu-
tionarily beneficial to target a broad range of hosts.
The internalization into nonphagocytic cells of the
intestinal epithelium is central to the pathogenesis of
Salmonella, especially in relation to the maturation of
infection. Most certainly it is viable to expect multiple
mechanisms that perform overlapping functions to pre-
serve the invasion process. Numerous invasion factors,
such as Rck [40] and PagN [41, 42], have been studied
that show manipulation of host signaling pathways to
activate host actin nucleation to mediate the uptake of
Salmonella into host cells [43, 44]. However, recently
Salmonella Typhimurium was shown to manipulate add-
itional signaling pathways leading to actomyosin-mediated
contractility, suggesting a flexibility to target different cell
types and/or subcellular regions [45, 46].
Conclusions
Concurrent with the growth of the poultry industry
and rising consumption of commercial poultry and re-
lated products, it is reasonable to be concerned with
increased risk from poultry-associated foodborne re-
lated illnesses in the human population. Salmonella
maintains a stable existence in commercial poultry
due to its adapted, intimate relationship with its host
[47–49]. This relationship, as research progresses, re-
veals a precise, dynamic communication that con-
tinues to evolve with variation of host and serotype, farm
management practices, and flock vaccination [50, 51]. In
this research, Kentucky was shown to actively invade a
eukaryotic monolayer, though at a rate that was sig-
nificantly lower than Typhimurium, a known human
pathogen. Traditionally, Kentucky is not a zoonotic
pathogen, and this result supports recent cases of the
isolation of Kentucky from humans. Additionally,
strains mutated for T3SS formation were able to initi-
ate invasion of the eukaryotic monolayer to varying
degrees based on strain, In the case of Kentucky, the
mutated strain initiated invasion at a level that was
not significantly different from the wild-type strain. A
different result was observed for Typhimurium as the
mutation significantly lowered the rate of invasion in
comparison to the wild-type strain. Results from this
study may provide the basis for additional research to
identify factors delineating host specificity for strains
of Salmonella as well as identify supplemental mecha-
nisms for host invasion. Factors associated with inva-
sion and host specificity will be critical to predicting
how possible consequences of a shift in Salmonella
population will impact the commercial food industry
and public health.
Abbreviations
Cat: Chloramphenicol acetyltransferase; Cm: Chloramphenicol; EMEM: Eagle’s
Minimum Essential Medium; FRT: FLP recognition target; MOI: multiplicity of
infection; NPIP: National Poultry Improvement Plan; SPI1: Salmonella




This project was funded by USDA-ARS Agreement #58–6402-2729, which is
operated under USDA CRIS project MIS501170, “Mississippi Center for Food
Safety and Post-Harvest Technology.” The sponsor was not involved in the
design of the study, collection, analysis or interpretation of data, and writing
or submission of the manuscript.
Availability of data and materials
The data that support the findings of this study are available from the
corresponding author RHB upon reasonable request.
Authors’ contributions
Conceived and designed the experiments: KH, SS, RHB, JPB, RW, MLL, AK.
Performed the experiments: KH, SS. Analyzed the data: KH, RW. Contributed
reagents/materials/analysis tools: RHB, JB, RW, MLL, AK. Wrote the paper: KH,
SS, RHB, JPB, RW, MLL, AK. All authors have read and approved the final
version of the manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Department of Pathobiology and Population Medicine, College of Veterinary
Medicine, Mississippi State University, Mississippi State, Mississippi State, MS, USA.
2USDA-ARS, Genetics and Precision Agriculture Unit, Mississippi State, MS, USA.
3Department of Basic Sciences, College of Veterinary Medicine, Mississippi State
University, Mississippi State, MS, USA.
Received: 12 August 2016 Accepted: 23 March 2017
References
1. Galan JE. Interaction of Salmonella with host cells through the centisome
63 type III secretion system. Curr Opin Microbiol. 1999;2(1):46–50.
2. Murray RA, Lee CA. Invasion genes are not required for Salmonella enterica
serovar Typhimurium to breach the intestinal epithelium: evidence that
Salmonella pathogenicity island 1 has alternative functions during infection.
Infect Immun. 2000;68(9):5050–5.
3. Coombes BK, Coburn BA, Potter AA, Gomis S, Mirakhur K, Li Y, Finlay BB.
Analysis of the contribution of Salmonella pathogenicity islands 1 and 2 to
enteric disease progression using a novel bovine ileal loop model and a
murine model of infectious enterocolitis. Infect Immun. 2005;73(11):7161–9.
4. Kihlstrom E, Nilsson L. Endocytosis of Salmonella typhimurium 395 MS and
MR10 by HeLa cells. Acta Pathol Microbiol Scand B. 1977;85B(5):322–8.
5. Desin TS, Lam PK, Koch B, Mickael C, Berberov E, Wisner AL, Townsend HG,
Potter AA, Koster W. Salmonella enterica serovar Enteritidis pathogenicity
island 1 is not essential for but facilitates rapid systemic spread in chickens.
Infect Immun. 2009;77(7):2866–75.
6. Radtke AL, Wilson JW, Sarker S, Nickerson CA. Analysis of interactions of
Salmonella type three secretion mutants with 3-D intestinal epithelial cells.
PLoS One. 2010;5(12):e15750.
Howe et al. BMC Microbiology  (2017) 17:88 Page 7 of 9
7. Morgan E, Campbell JD, Rowe SC, Bispham J, Stevens MP, Bowen AJ,
Barrow PA, Maskell DJ, Wallis TS. Identification of host-specific colonization
factors of Salmonella enterica serovar Typhimurium. Mol Microbiol. 2004;
54(4):994–1010.
8. Foley SL, Lynne AM, Nayak R. Salmonella challenges: prevalence in swine
and poultry and potential pathogenicity of such isolates. J Anim Sci. 2008;
86(14 Suppl):E149–62.
9. Baumler AJ, Hargis BM, Tsolis RM. Tracing the origins of Salmonella
outbreaks. Science. 2000;287(5450):50–2.
10. The National Poultry Improvement Plan and Auxilliary Provisions. In. Edited
by Agriculture USDo. Washington, DC: U.S. Department of Agriculture,
Animal and Plant Health Inspection Service; 1997.
11. Brenner FW. Modified Kauffman-White Scheme. In. Centers for Disease
Control and Prevention: Atlanta, GA; 1998.
12. Edwards PR. A new Salmonella type: Salmonella Kentucky. J Hyg (Lond).
1938;38(3):306–8.
13. McCrea BA, Macklin KS, Norton RA, Hess JB, Bilgili SF. A longitudinal study of
Salmonella and Campylobacter jejuni isolates from day of hatch through
processing by automated ribotyping. J Food Prot. 2006;69(12):2908–14.
14. Li X, Payne JB, Santos FB, Levine JF, Anderson KE, Sheldon BW. Salmonella
populations and prevalence in layer feces from commercial high-rise
houses and characterization of the Salmonella isolates by serotyping,
antibiotic resistance analysis, and pulsed-field gel electrophoresis. Poult
Sci. 2007;86(3):591–7.
15. Parveen S, Taabodi M, Schwarz JG, Oscar TP, Harter-Dennis J, White DG.
Prevalence and antimicrobial resistance of Salmonella recovered from
processed poultry. J Food Prot. 2007;70(11):2466–72.
16. Diarra MS, Delaquis P, Rempel H, Bach S, Harlton C, Aslam M, Pritchard J,
Topp E. Antibiotic resistance and diversity of Salmonella enterica serovars
associated with broiler chickens. J Food Prot. 2014;77(1):40–9.
17. McEwen SA, Fedorka-Cray PJ. Antimicrobial use and resistance in animals.
Clin Infect Dis. 2002;34(Suppl 3):S93–S106.
18. Fricke WF, McDermott PF, Mammel MK, Zhao S, Johnson TJ, Rasko DA,
Fedorka-Cray PJ, Pedroso A, Whichard JM, Leclerc JE, et al. Antimicrobial
resistance-conferring plasmids with similarity to virulence plasmids
from avian pathogenic Escherichia coli strains in Salmonella enterica
serovar Kentucky isolates from poultry. Appl Environ Microbiol.
2009;75(18):5963–71.
19. Boyle F, Morris D, O'Connor J, Delappe N, Ward J, Cormican M. First report
of extended-spectrum-beta-lactamase-producing Salmonella enterica
serovar Kentucky isolated from poultry in Ireland. Antimicrob Agents
Chemother. 2010;54(1):551–3.
20. Volkova VV, Bailey RH, Rybolt ML, Dazo-Galarneau K, Hubbard SA, Magee D,
Byrd JA, Wills RW. Inter-relationships of Salmonella status of flock and
grow-out environment at sequential segments in broiler production and
processing. Zoonoses Public Health. 2010;57(7–8):463–75.
21. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A. 2000;
97(12):6640–5.
22. Cherepanov PP, Wackernagel W. Gene disruption in Escherichia coli: TcR and
KmR cassettes with the option of Flp-catalyzed excision of the antibiotic-
resistance determinant. Gene. 1995;158(1):9–14.
23. Jones BD, Paterson HF, Hall A, Falkow S. Salmonella typhimurium induces
membrane ruffling by a growth factor-receptor-independent mechanism.
Proc Natl Acad Sci U S A. 1993;90(21):10390–4.
24. Townsend SM, Hurrell E, Gonzalez-Gomez I, Lowe J, Frye JG, Forsythe S,
Badger JL. Enterobacter sakazakii invades brain capillary endothelial
cells, persists in human macrophages influencing cytokine secretion
and induces severe brain pathology in the neonatal rat. Microbiology.
2007;153(Pt 10):3538–47.
25. Schraidt O, Marlovits TC. Three-dimensional model of Salmonella's needle
complex at subnanometer resolution. Science. 2011;331(6021):1192–5.
26. Kaniga K, Bossio JC, Galan JE. The Salmonella typhimurium invasion genes
invF and invG encode homologues of the AraC and PulD family of proteins.
Mol Microbiol. 1994;13(4):555–68.
27. Clark MA, Reed KA, Lodge J, Stephen J, Hirst BH, Jepson MA. Invasion of
murine intestinal M cells by Salmonella typhimurium inv mutants severely
deficient for invasion of cultured cells. Infect Immun. 1996;64(10):4363–8.
28. Wagner S, Konigsmaier L, Lara-Tejero M, Lefebre M, Marlovits TC, Galan JE.
Organization and coordinated assembly of the type III secretion export
apparatus. Proc Natl Acad Sci U S A. 2010;107(41):17745–50.
29. Zarivach R, Deng W, Vuckovic M, Felise HB, Nguyen HV, Miller SI, Finlay BB,
Strynadka NC. Structural analysis of the essential self-cleaving type III
secretion proteins EscU and SpaS. Nature. 2008;453(7191):124–7.
30. National Enteric Disease Surveillance: Salmonella Annual Report, 2011 [http://
www.cdc.gov/nationalsurveillance/PDFs/NationalSalmSurveillOverview_508.pdf]
31. Hapfelmeier S, Ehrbar K, Stecher B, Barthel M, Kremer M, Hardt WD. Role
of the Salmonella pathogenicity island 1 effector proteins SipA, SopB,
SopE, and SopE2 in Salmonella enterica subspecies 1 serovar
Typhimurium colitis in streptomycin-pretreated mice. Infect Immun.
2004;72(2):795–809.
32. McGhie EJ, Brawn LC, Hume PJ, Humphreys D, Koronakis V. Salmonella
takes control: effector-driven manipulation of the host. Curr Opin Microbiol.
2009;12(1):117–24.
33. Angulo FJ, Nargund VN, Chiller TC. Evidence of an association between
use of anti-microbial agents in food animals and anti-microbial
resistance among bacteria isolated from humans and the human
health consequences of such resistance. J Vet Med B Infect Dis Vet
Public Health. 2004;51(8–9):374–9.
34. Le Hello S, Hendriksen RS, Doublet B, Fisher I, Nielsen EM, Whichard JM,
Bouchrif B, Fashae K, Granier SA, Jourdan-Da Silva N, et al. International
spread of an epidemic population of Salmonella enterica serotype Kentucky
ST198 resistant to ciprofloxacin. J Infect Dis. 2011;204(5):675–84.
35. Collard JM, Place S, Denis O, Rodriguez-Villalobos H, Vrints M, Weill FX,
Baucheron S, Cloeckaert A, Struelens M, Bertrand S. Travel-acquired
salmonellosis due to Salmonella Kentucky resistant to ciprofloxacin,
ceftriaxone and co-trimoxazole and associated with treatment failure. J
Antimicrob Chemother. 2007;60(1):190–2.
36. Weill FX, Bertrand S, Guesnier F, Baucheron S, Cloeckaert A, Grimont PA.
Ciprofloxacin-resistant Salmonella Kentucky in travelers. Emerg Infect Dis.
2006;12(10):1611–2.
37. Mulvey MR, Boyd DA, Finley R, Fakharuddin K, Langner S, Allen V, Ang L,
Bekal S, El Bailey S, Haldane D, et al. Ciprofloxacin-resistant Salmonella
enterica serovar Kentucky in Canada. Emerg Infect Dis. 2013;19(6):999–1001.
38. Joerger RD, Sartori CA, Kniel KE. Comparison of genetic and physiological
properties of Salmonella enterica isolates from chickens reveals one major
difference between serovar Kentucky and other serovars: response to acid.
Foodborne Pathog Dis. 2009;6(4):503–12.
39. Rosselin M, Abed N, Virlogeux-Payant I, Bottreau E, Sizaret PY, Velge P,
Wiedemann A. Heterogeneity of type III secretion system (T3SS)-1-
independent entry mechanisms used by Salmonella Enteritidis to invade
different cell types. Microbiology. 2011;157(Pt 3):839–47.
40. Rosselin M, Virlogeux-Payant I, Roy C, Bottreau E, Sizaret PY, Mijouin L,
Germon P, Caron E, Velge P, Wiedemann A. Rck of Salmonella enterica,
subspecies enterica serovar Enteritidis, mediates zipper-like internalization.
Cell Res. 2010;20(6):647–64.
41. Lambert MA, Smith SG. The PagN protein of Salmonella enterica serovar
Typhimurium is an adhesin and invasin. BMC Microbiol. 2008;8:142.
42. Lambert MA, Smith SG. The PagN protein mediates invasion via interaction
with proteoglycan. FEMS Microbiol Lett. 2009;297(2):209–16.
43. Chen LM, Hobbie S, Galan JE. Requirement of CDC42 for Salmonella-
induced cytoskeletal and nuclear responses. Science. 1996;274(5295):2115–8.
44. Millard TH, Sharp SJ, Machesky LM. Signalling to actin assembly via the
WASP (Wiskott-Aldrich syndrome protein)-family proteins and the Arp2/3
complex. Biochem J. 2004;380(Pt 1):1–17.
45. Hanisch J, Kolm R, Wozniczka M, Bumann D, Rottner K, Stradal TE.
Activation of a RhoA/myosin II-dependent but Arp2/3 complex-
independent pathway facilitates Salmonella invasion. Cell Host Microbe.
2011;9(4):273–85.
46. Hanisch J, Ehinger J, Ladwein M, Rohde M, Derivery E, Bosse T, Steffen A,
Bumann D, Misselwitz B, Hardt WD et al.: Molecular dissection of Salmonella-
induced membrane ruffling versus invasion. Cell Microbiol. 2010;12(1):84–98.
47. Turner AK, Lovell MA, Hulme SD, Zhang-Barber L, Barrow PA. Identification
of Salmonella typhimurium genes required for colonization of the chicken
alimentary tract and for virulence in newly hatched chicks. Infect Immun.
1998;66(5):2099–106.
48. Barrow PA, Simpson JM, Lovell MA. Intestinal colonisation in the chicken by
food-poisoning Salmonella serotypes; microbial characteristics associated
with faecal excretion. Avian Pathol. 1988;17(3):571–88.
49. Soerjadi AS, Rufner R, Snoeyenbos GH, Weinack OM. Adherence of
salmonellae and native gut microflora to the gastrointestinal mucosa of
chicks. Avian Dis. 1982;26(3):576–84.
Howe et al. BMC Microbiology  (2017) 17:88 Page 8 of 9
50. Penha Filho RA, de Paiva JB, Arguello YM, da Silva MD, Gardin Y, Resende F,
Berchieri Junior AB, Sesti L. Efficacy of several vaccination programmes in
commercial layer and broiler breeder hens against experimental challenge
with Salmonella enterica serovar Enteritidis. Avian Pathol. 2009;38(5):367–75.
51. Pavic A, Groves PJ, Cox JM: Utilization of a novel autologous killed
tri-vaccine (serogroups B [Typhimurium], C [Mbandaka] and E [Orion])
for Salmonella control in commercial poultry breeders. Avian Pathol
2010, 39 (1)31-39.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Howe et al. BMC Microbiology  (2017) 17:88 Page 9 of 9
